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I 

FOREWORD 


This  program  was  conducted  by  General  Dynamics,  Fort 
Worth  Division  (GD/FWD) ,  with  Lehigh  University  (Dr.  R.  P. 
Wei)  as  a  subcontractor/consultant.  This  report  (Vol.  IV) 
documents  the  test  and  f ractographic  results  obtained  by 
General  Dynamics  under  Phase  II  of  the  "Development  of 
Fatigue  and  Crack  Propagation  Design  and  Analysis  Method¬ 
ology  in  a  Corrosive  Environment  for  Typical  Mechanically- 
Fastened  Joints"  program  (NADC  Contract  N6226-81-C-0268 ) . 
The  program  was  sponsored  by  the  Naval  Air  Development 
Center,  Warminster,  PA,  with  Mr.  P.  Kozel  as  the  project 
engineer.  Dr.  S.  D.  Manning  of  General  Dynamics,  Fort 
Worth  Division,  was  the  Program  Manager/Principal  Investi¬ 
gator  and  Dr.  R.  P.  Wei  of  Leigh  University  was  a  co-inves¬ 
tigator. 

Several  General  Dynamics  personnel  supported  the  Phase 
II  test  program.  D.  E.  Gordon  coordinated  the  overall 
testing  effort,  procured  specimens,  performed  the  strain- 
controlled  and  the  constant  amplitude  tests,  eddy  current 
inspections  and  f ractographic  evaluations.  S.  B.  Kirschner 
coordinated  the  dog-bone  specimen  spectrum  tests  and  per- 
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formed  f ractographic  evaluations  and  data  analyses.  Dog- 
bone  specimen  spectrum  tests  and  specimen  dimensional 
checks  were  performed  by  R.  O.  Nay.  Corrosion  fatigue 
testing  support  was  provided  by  F.  C.  Nordquist,  J.  W. 
Hagemayer  and  H.  C.  Hoffman.  Dr.  R.  P.  Wei  of  Lehigh 
University  also  assisted  in  setting  up  the  test  plan  and 
provided  valuable  technical  support. 

The  following  reports  (NADC-83126-60-)  were  also 
prepared  under  the  Phase  II  effort: 

o  Volume  III  -  Phase  II  Documentation 

o  Volume  V  -  Corrosion  Fatigue  Cracking  Response  of 

Beta  Annealed  Ti-6A1-4V  Alloy  in  3.5% 
NaCl  Solution 
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SECTION  I 


INTRODUCTION 


This  report  documents  the  test  and  f ractographic 
results  acquired  by  General  Dynamics  under  Phase  II  of  the 
corrosion  fatigue  test  program.  The  test  matrix,  test 
setup,  test  procedures,  specimen  details,  data  acquisition 
methods,  etc.,  are  described  herein.  Raw  f ractographic 
results  and  supporting  details  are  also  presented.  How¬ 
ever,  the  conclusions  and  recommendations  for  the  Phase  II 
test  program,  including  the  evaluation  of  the  test/fracto- 
graphic  results  are  presented  in  Volume  III  [1] . 

Most  of  the  test  and  f ractographic  results  presented 
herein  are  for  the  7075-T7651  aluminum  alloy.  Results  are 
also  presented  for  strain-controlled  specimens  made  from 
Ti-6A1-4V  alloy.  However,  the  Ti-6A1-4V  alloy  test  results 
and  evaluations  that  were  conducted  by  Lehigh  University  as 
a  part  of  the  basic  titanium  research  effort  under  Phase  II 
are  documented  in  Volume  V  [2] . 

A  brief  overview  of  the  corrosion  fatigue  program  for 
mechanically-fastened  joints  is  given  in  Section  II.  The 


1 


NADC-83126-60-V0L.  IV 


corrosion  fatigue  (CF)  test  program  for  the  Phase  II  effort 
is  described  in  Section  III,  In  Section  IV,  testing  pro¬ 
cedures  and  data  acquisition  methods,  including  fracto- 
graphy,  are  described.  Strain-controlled  test  results  for 
the  7075-T7651  aluminum  alloy  and  the  beta-annealed 
Ti-6A1-4V  alloy  are  presented  in  Appendices  A  and  B, 
respectively.  Constant  amplitude  test  results  for  dog-bone 
specimens  of  7075-T7651  aluminum  alloy  are  presented  in 
Appendix  C.  Dog-bone  specimen  spectrum  fatigue  test 
results  and  applicable  f ractographic  data  are  presented  for 
Tasks  4,  5  and  6  in  Appendices  D,  E  and  F,  respectively. 
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SECTION  II 


CORROSION  FATIGUE  PROGRAM 

OVERVIEW 


The  purpose  of  this  section  is  to  review  the  overall 
objectives  of  the  corrosion  fatigue  program  for  mechan¬ 
ically-fastened  joints  and  to  put  the  results  of  this 
Volume  (IV)  into  perspective. 

I 

The  main  objectives  of  this  program  were  to; 

1.  Develop  and  verify  an  analytical  methodology  for 
predicting  the  TTCI  and  crack  propagation  life  of  mechan¬ 
ically-fastened  joints  in  a  corrosive  environment. 

2.  Develop  corrosion  fatigue  test/data-acquisition 
methods  and  guidelines  for  acquiring  statistically-valid 
data  needed  to  implement  the  analytical  methodology. 

3.  Study  the  effects  of  various  factors  on  the  cor¬ 
rosion  fatigue  behavior  of  mechanically-fastened  joints. 
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The  Phase  I  effort,  documented  in  Volumes  I  and  II 
[3,4] ,  was  concerned  with  three  tasks  as  follows: 

o  Task  1  -  Methodology  and  Data  State-of- the-Art 
Assessment 

o  Task  2  ”  Methodology  Development 

o  Task  3  -  Test  Plan  Development 

In  Phase  I  the  existing  corrosion  fatigue  analysis  methods 
were  reviewed,  the  effects  of  various  variables  (i.e., 
stress  level,  R-ratio,  loading  frequency,  environment  hold¬ 
time,  etc.)  on  TTCI  and  crack  growth  were  experimentally 
investigated  and  evaluated  for  two  different  materials 
(7075-T7651  aluminum  alloy  and  beta-annealed  6A1-4V  Ti 
alloy)  ,  and  a  test  plan  was  developed  for  the  Phase  II 
effort.  The  most  suitable  corrosion  fatigue  analysis  met¬ 
hods  for  predicting  the  TTCI  and  crack  propagation  for 
mechanically-fastened  joints  were  recommended  in  Phase  I 
for  evaluation  in  Phase  II.  Constant  amplitude  corrosion 
fatigue  data  were  acquired  under  the  Phase  I  effort. 

The  Phase  II  effort,  data  acquisition  and  methodology 
evaluation,  included  three  tasks: 
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o  Task  4  -  Experimental  Methodology  Development  and 
Evaluation 

o  Task  5  -  Acquisition  of  Data  for  Prediction  of 
Environmentally-Assisted  Crack  Growth  in 
Aircraft  Joints 

o  Task  6  -  Prediction  Methodology  Evaluation  and 
Verification 

The  objectives  of  the  Phase  II  effort  were  to:  (1) 

develop  and  evaluate  suitable  experimental  methods  and 
specimens  for  acquiring  corrosion  fatigue  data  for 
mechanically-fastened  joints,  (2)  acquire  corrosion  fatigue 
data  needed  to  implement  the  predictive  methods  recommended 
under  Phase  I,  (3)  evaluate  the  effectiveness  of  the  CF 
analysis  methodology  for  predicting  the  fatigue  life  of 
mechanically-fastened  joints  under  spectrum  loading,  and 
(4)  evaluate  the  effects  of  various  factors  (e.g.,  loading 
frequency,  R-ratio,  stress  level,  load  transfer,  load 
spectra)  on  the  TTCI  and  crack  propagation  in  mechanically- 
fastened  joints. 

In  Phase  I  it  was  found  that  the  corrosion  fatigue 
behavior  of  the  Ti-6A1-4V  alloy  was  very  complex  [3] .  For 
this  reason,  the  Phase  II  effort  was  mainly  concerned  with 
the  demonstration  and  evaluation  of  the  corrosion  fatigue 
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methodology  for  7075-T7651  aluminum  alloy.  In  Phase  II, 
the  Ti-6A1-4V  alloy  investigations  were  limited  to  the 
development  of  a  better  understanding  of  the  corrosion 
fatigue  crack  growth  mechanisms  and  the  effects  of  loading 
frequency  were  emphasized  [2] . 

This  volume  (IV)  documents  the  Phase  II  experimental 
test  program  conducted  and  includes  the  raw  test  and  frac- 
tographic  results.  Phase  II  test/f ractographic  results 
presented  in  this  Volume  (IV)  are  evaluated  in  Volume  III 
[1]  and  the  conclusions  and  recommendations  are  also 
presented . 
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SECTION  III 

PHASE  II  TEST  PROGRAM 

3.1  INTRODUCTION 

The  purpose  of  this  section  is  to  describe  what  was 
tested  under  Phase  II  of  the  corrosion  fatigue  program  for 
mechanically-fastened  joints  and  to  discuss  overall  tes't 
objectives.  Detailed  test  procedures  and  methods  for 
acquiring  the  experimental  results  are  discussed  in  Section 
IV.  A  preliminary  test  plan  for  the  Phase  II  effort  was 
developed  under  Phase  I  and  it  is  described  in  Volume  I  [3  ] . 
The  preliminary  test  plan  was  periodically  adjusted  during  the 
course  of  the  Phase  II  effort  so  that  future  tests  could  build 
on  the  Phase  II  test  results  and  needs. 

3.2  PHASE  II  TEST  OBJECTIVES 

The  main  objectives  of  the  Phase  II  test  program  were  to: 

1.  Develop  and  evaluate  suitable  experimental  methods 
and  specimens  for  acquiring  corrosion  fatigue  data  for 
mechanically  fastened  joints  (Task  4). 
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2.  Acquire  statistically-valid  corrosion  fatigue  data 
needed  to  implement  and  "tune"  the  corrosion  fatigue  analysis 
methodology  for  spectrum  loading  applications  (Task  5). 

3,  Provide  statistically-valid  experimental  data  for 
evaluating  the  effects  of  various  factors  (e.g./  loading 
frequency,  R-ratio,  stress  level,  load  spectra,  and  percent 
bolt  load  transfer)  on  the  time-to-crack-initiation  (TTCI)  and 
time-to-failure  (TTF)  in  fastener  holes  (Task  5). 

4«  Provide  key  experimental  results  for  Ti-6A1-4V  alloy 
for  developing  a  better  understanding  of  basic  mechanism  and 
the  effects  of  loading  frequency  on  fatigue  crack  growth  (Task 
5)  . 


5.  Provide  corrosion  fatigue  test  results  for  crack 
initiation  and  crack  growth  in  fastener  holes  that  can  be  used 
to  evaluate  the  accuracy  of  analytical  methodology  described 
in  Volume  I  [3  ]  (Task  6) . 
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3.3  TEST  PROGRAM  PHILOSOPHY 

The  corrosion  fatigue  behavior  of  mechanically- 
fastened  joints  is  complex.  Therefore,  the  following  phil¬ 
osophy  was  reflected  in  the  Phase  II  test  program; 

o  Minimize  the  number  of  test  variables  to  isolate  the 
effects  of  corrosion  fatigue. 

o  Use  test  replications  to  acquire  stat istically-valid 
data. 

o  Consider  the  most  fundamental  elements  of  a  mechan¬ 
ically-fastened  joint  (i.e.,  single  hole,  straight 
bore,  protruding  head  fastener  and  fastener  load 
transfer) . 

o  Develop  a  better  understanding  of  the  corrosion 
fatigue  behavior  of  straight-bore  holes  -  with  and 
without;  fasteners  and  load  transfer  through  the 
fasteners . 

o  Due  to  the  complexity  of  corrosion  fatigue,  state- 
of-the-art  analytical  corrosion  fatigue  methodology 
should  be  developed  and  verified  in  progressive  steps 
with  increasing  structural  complexities.  Develop 
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understanding  and  data  for  simple  joints  before 
considering  more  complex  joints. 

o  Build  on  the  test  data  and  understandings  from  the 
Phase  I  effort. 

o  Develop  and  verify  the  corrosion  fatigue  analytical 
methodology  for  7075-T7651  aluminum  alloy. 

o  Develop  a  better  understanding  of  the  corrosion 
fatigue  mechanisms  for  Ti-6A1-4V  alloy  [ 2  ] . 

3.4  TEST  MATRIX  AND  DATA  SET  DESIGNATIONS 

This  section  describes  what  was  tested  in  Phase  II. 
Key  test  variables  reflected  in  the  test  program  and 
testing  rationale  are  also  discussed  in  this  section. 
However,  detailed  testing  procedures  and  data  acquisition 
methods  are  discussed  in  Section  IV. 

The  Phase  II  corrosion  fatigue  program  test  matrix 
included  253  test  specimens  as  noted  in  Table  1.  Specimen 
details  are  shown  in  Figs.  1“3.  A  summary  of  the  test 
variables  used  in  Phase  II  is  shown  in  Table  2. 
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TABLE  1  TEST  SPECIMEN  MATRIX  FOR  PHASE  II 


SPECIMEN 


CONFIGURATION 


TYPE 


MATERIAL 


NO.  OF  SPECIMEN 


TASK  4 


TASK  5 


TASK  6 


7074-T7651 


S-C 


(Fig.  1) 


Ti-6A1-4V 


45 


29 


50 


30 


CT 


Ti-6A1-4V 


(Fig.  2) 


(Fig.  3) 


NLT 


7075-T7651 


23 


90 


116 


LT 


7075~T7651 


(Fig.  3) 


43 


48 


31 


17  6 


4  6 


253 


NOTES : 


Task  4 
Task  5 

Task  6 

S-C 

CT 

NLT 

LT 


Experimental  Methodology  Development  &  Evaluation 

Acquisition  of  Data  for  Prediction  of  Environ¬ 
mentally-Assisted  Crack  Growth  in  Aircraft  Joints 

Prediction  Methodology  Evaluation  and  Verifi¬ 
cation 

Strain-controlled 
Compact  Tension 

No  Load  Transfer  (through  the  fastener) 

Load  Transfer  (through  the  fastener) 


*  Results  are  documented  and  evaluated  in  Volume  V  fZj 
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Fig,  1  Strain-Controlled  Specimen 
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TABLE  2  PHASE  II  TEST  VARIABLES 


MATERIAL 

o  7075-T7651  ALUMINUM  ALLOY 
o  Ti-6A1-4V  ALLOY 

ENVIRONMENT 

o  DRY  AIR 

o  3.5%  NaCl  SOLUTION 

TYPE  LOADING 

o  STRAIN-CONTROLLED 
o  CONSTANT  AMPLITUDE 

f>  SPF.rTPTTM  _ 

LOAD  SPECTRA 

o  F-16  400  HR.  (HI-LO  BLOCKS) 

o  F-18  300  HR.  (RANDOMIZED) 

o  F-18  300  HR.  (HI-LO  BLOCKS) 

LOADING  FREQUENCY  AND 

HOLD  TIME 

o  CONSTANT  AMPLITUDE  (0.3  Hz  TO  20  Hz) 
o  SPECTRUM  (FAST,  SLOW,  X-SLOW) 
o  HOLD  TIME  (0  s  TO  2.33  s) 

TEST  SPECIMENS 

o  UN-NOTCHED  AXIAL  (STRAIN-CONTROL) 
o  COMPACT  TENSION 

o  DOG-BONE  WITH  CENTER  HOLE 

FASTENER  HOLE 

o  OPEN  (W/0  BOLT) 
o  WITH  BOLT 

BOLT  HOLE  FINISH 

o  POLISHED 

BOLT  TYPE 

o  STEEL  PROTRUDING  HEAD  (CAD-PLATED) 

(e.g.,  NAS  6207) 

BOLT  LOAD  TRANSFER 

o  0%  LT 
o  20%  LT 
o  40%  LT 

STRESS  LEVEL 

o  BASELINE  STRESS 

o  OTHER 

SPECnHEN  PRECONDITIONING 

o  NONE 

o  PRETEST  AND  PRESOAK  IN  3.5%  NaCl 
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Test  plans  for  Tasks  4,  5  and  6  are  shown  in  Tables 
3-7.  For  tracking  purposes,  tests  are  defined  by  I.D. 
number  and  by  data  set.  The  total  number  of  specimens 
tested  under  each  data  set  and  other  testing  details  are 
shown  in  Tables  3-7. 


3.4.1  Coding  System  for  Tests 

A  coding  system  was  devised  to  concisely  describe  the 
key  test  variables  used  in  Tables  3-7  and  to  facilitate 
test  identifications.  The  coding  system  used  in  this 
report  is  shown  and  illustrated  in  Table  8. 

In  Tables  3-7  tests  are  also  identified  by  "data  set 
number"  so  that  test  specimens  can  be  grouped  and  identi¬ 
fied  by  the  applicable  data  set  number.  This  system  is 
used  throughout  this  report. 


3.4.2  Materials 

Two  materials  were  used  for  the  Phase  II  testing: 
7075-T7651  aluminum  alloy  and  Beta-annealed  Ti-6A1-4V. 
These  materials  are  of  particular  interest  because  several 
Navy  aircraft  in  service  include  these  materials  in  the 
airframe  and  such  materials  are  susceptible  to  corrosion 
fatigue.  The  7075-T7651  aluminum  alloy  material  was 
supplied  as  0.50-inch  plate.  The  Ti-6A1-4V  material  was  in 
the  form  of  0.875-inch  thick  plate.  These  materials  were 
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TABLE  4  STRAIN-CONTROLLED  TESTS  FOR  TASK  5 


LOADING 

MATERIAL 

"" . 

TEST  I.D. 

DATA 

SET 

NO. 

ENVIRONMENT 

FREQUENCY 

NO. 

SPECIMENS 

TESTED 

DRY 

3.5%  NaCl 

Constant 

7075-T7651 

SC/D/A 

72 

X 

VARIABLE 

22 

Amplitude 

7075-T7651 

SC/W/A 

73 

X 

VARIABLE 

23 

(R=-l) 

Ti-6A1-4V 

82 

X 

- 

VARIABLE 

18 

Ti-6A1-4V 

83 

- 

X 

VARIABLE 

11 

74 

TABLE  5  Ti-6A1-4V  ALLOY  CRACK  GROWTH  TESTS  FOR  TASK  5 


SPECIMEN . 

MATERIAL 

ENVIRONMENT 

K  LEVEL 

NO.  SPECIMEN 

TESTED 

LOW 

mi) 

HIGH 

Ti-6A1-4V 

X 

— 

2 

i 

Oxygen  (Ref . ) 

X 

- 

2 

o 

X 

2 

o 

— - - 

X 

“  ■ 

1 

3.5%  NaCl 

- 

X 

- 

1 

Ti-6A1-4V 

- 

- 

X 

1 

Notes:  1.  Ref.  Volume  I  [3]' for  tests  in  vacuum. 

2.  Ref.  Volume  V  [2]  for  testing  details  and  results. 
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NO. 

SPECIMENS 

TESTED 

CO  ^ 

<n 

co  <n  w 

CO  ^  CM 

CO  CO 

CO  CO  ^ 

CO  CO  -o 

CO  CO 

.  CM 

iH 

93 

FREQUENCY 

X 

■ 

■ 

■ 

■ 

1 

HHIII 

■ 

■ 

B 

■ 

1 

■ 

■ 

■ 

■ 

B 

X 

X 

■ 

■ 

X 

FAST 

m 

m 

■ 

X  X 

X 

X 

X 

X 

H 

X 

■ 

I 

ENVIRONMENT 

1 

1 

B 

1  X 

■ 

■ 

1 

X- 

■ 

1 

DRY 

X  1 

am 

■ 

X  I  1 

X  1 

m 

m 

B 

B 

■ 

1 

SPECIMEN  DETAILS 

PC? 

®  ^  o 

w  cn 

W.,. bP 

T 

NO 

o  o 

YES 

1 

YES 

NO 

NO 

YES 

YES 

>*  >• 

35^  ■"  35 

BOLT? 

■ 

Mm 

NO 

NO 

YES 

YES 

■I 

Si 

Si 

liS 

mmm 

5 

o  o 

■ 

0 

0 

20 

20 

1 

DATA 

SET 

NO. 

^  cs 

»H  n  CO  ^  m 

sO  00  os 

HQ 

m 

33 

34 

37 

38 

TEST  I.D. 

CA/F/D/PC 

CA/F/M/PC 

A-28/F/D 

A-28/S/D 

A-28/F/M 

A-28/S/M 

A-28/A/W 

A-28/F/D/PC 

A-28/S/D/PC 

A-28/F/W/PC 

A-28/S/W/PC 

k-2il^lnlji 

A-28/F/W/B 

A-28/S/W/B 

A-28/F/D/B/PC 

A-28/F/W/B/PC 

B-28/F/D 

B-28/S/D 

B-28/F/W 

B-28/S/U 

B-28/F/D/PC 

B-28/S/D/PC 

B-28/F/W/PC 

B-28/S/H/PC 

C-;28/F/D 

C-28/F/M 

A-28/20/F/W/PC 

A-28/20/S/W/PC 

MATERIAL 

7075-T7651 

7075-T7651 

iA  »A 

SO  >o 

p-C 

in  m 

so  so 

H  _  _  _ 

»H  fH 

m  m 
so  so 

pk. 

H 

•A  in 

g  '  ® 

m  in 

O  O 

1  1 
in  in 

p^ 

o  o 

SPECTRUM 

CONSTANT 

AMPLITUDE 

d 

§d 

®  g 

F-18  300  HR. 
(BLOCK) 

F-16  400  HR. 
(BLOCK) 

so  OP 

1-H  w  ■ 

JL 

CO  5  ^ 

00  S 

pi. 

h 

c 

b 

P 

0 

J 

1 

J 

1 

D 

_ 

D 

O 

- > 
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TABLE  8  CODING  SYSTEM  FOR  DESCRIBING  TESTS 


1 

ITEM 

CODE 

Typo  Test  or  Spectrum 

o  CA  *  Constant  Amplitude  Test 

o  SC  »  Strain-Controlled  Test 

o  A  •  F-16  400  Hr.  (Hi-Lo  Block) 

o  B  a  P-18  300  Hr.  (Random) 

o  C  *  P-18  300  Hr.  (Hi-Lo  Block) 

Stress  Level 

o  28.  30,  32,  34  ksi 

(ksif  gross) 

%  Bolt  Load  Transfer 

o  20  or  40  (Follows  stress  level 

if  applicable) 

Spectrum  Loading 

o  P  »  Fast  (8000  fit  hrs/2  days) 

Frequency 

o  S  -  Slow  (8000  fit  hrs/16  days) 

o  -  XSlow  (8000  fit  hrs/90  days) 

- 

Environment 

o  D  *  Dry  Air  8  R.T. 

o  W  »  3.5%  NaCl  Solution  8  R.T. 

Bolt  In  Hole 

o  B  >  Bolt  in  Hole  (Noted  for 

- 

0%  LT  Te.sts) 

Preconditioning 

o  PC  «  Specimen  Preconditioned 

** 

(Pretested  and  Soaked  in 

3.5%  NaCl  Solution 

Examples: 

(1)  A-28/F/W  «  f-16  400  Hr.  Sp«ctruai  28  ksl 

(gross)  stress  on  test  section; 
fast  loading  frequency;  3.5% 

NaCl  envlronnent 

(2)  A-28/20/S/D/B/PC  •  P-16  400  Hr.  Spectrum;  28  ksi 

(gross)  stress  on  test  section; 
20%  bolt  load  transfer;  slow 
loading  frequency;  dry  air;  bolt 
In  hole;  specimen  preconditioned 


21 


NADC-83126-60-VOL.  VI 

from  the  same  plates  used  for  the  Phase  I  testing. 
Material  properties  for  these  materials  are  presented  in 
Volume  I  [3  ] . 

The  7075-T7651  aluminum  alloy  was  emphasized  in  the 
Phase  II  test  program  and  the  test  results  were  used  to 
evaluate  the  corrosion  fatigue  methodology  under  Task  6. 

The  corrosion  fatigue  behavior  of  the  Ti-6A1-4V  alloy 
was  found  to  be  very  complex  in  the  Phase  I  effort  [  3]  . 
Therefore,  the  Phase  I-I  experimental  effort  for  this  alloy 
was  mainly  concerned  with  developing  a  better  understanding 
of  the  corrosion  fatigue  mechanisms  and,  in  particular,  the 
effects  of  loading  frequency  on  crack  growth.  Test  results 
for  the  strain-controlled  specimens  are  presented  in  this 
report  and  the  compact  tension  test  results  and  evalua¬ 
tions,  are  presented  in  Volume  V  [2] . 

3.4.3  Test  Specimen  Design 

Three  specimen  designs  were  used  in  the  Phase  II 
investigations.  The  test  specimen  details  are  shown  in 
Figs.  1-3.  Types  of  tests  conducted  with  these  specimens 
are  shown  in  Table  1. 

The  hour-glass  specimens  shown  in  Fig.  1  is  commonly 
used  in  strain-controlled  experiments,  where  large  strain 
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amplitudes  are  required.  This  specimen  geometry  is  less 
susceptible  to  buckling  than  the  commonly  used  longitudinal 
specimen.  In  our  experiments,  we  felt  that  the  NDI  detect¬ 
ability  of  small  cracks  would  be  improved  by  using  he 
hour-glass  design  specimen  at  low  strain  amplitudes  also. 
All  strain-controlled  tests  in  both  7075-T7651  aluminum 
alloy  and  beta-annealed  Ti-6A1-4V  were  conducted  with  the 
particular  specimen  geometry  shown  in  Fig.  1. 

All  Ti-6A1-4V  crack  growth  investigations  conducted  in 
Phase  II  were  accomplished  with  the  compact  tension  speci¬ 
men  shown  in  Fig.  2.  This  is  the  identical  specimen  design 
that  was  used  for  Ti-6A1-4V  crack  growth  investigations  in 
Phase  I  [3]  . 

All  of  the  constant  amplitude  and  spectrum  loaded 
stress  controlled  tests  were  conducted  on  the  dog-bone 
specimen  shown  in  Fig.  3.  The  same  specimen,  design 
was  used  for  both  no-load  transfer  and  load-transfer 
testing.  Considerable  experience  has  been  obtained  on  this 
specimen  design  from  previous  investigations  [5-7]  . 

To  minimize  the  effects  of  fastener  hole  quality 
(e.g.,  scratches  in  the  bore)  fatigue  crack  initiation,  all 
fastener  holes  in  the  dog-bone  test  specimen  were  polished. 
Also,  all  steel  fasteners  were  cad-plated  to  minimize  the 
corrosive  effects  between  dissimilar  metals. 
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Most  dog-bone  specimens  had  a  nominal  hole  diameter  of 
7/16  inch  and  a  few  specimen  had  a  hole  diameter  of  1/2 
inch.  Specimen  dimensions  in  the  test  section  and  hole 
diameters  were  measured  and  results  were  recorded. 

A  7/16  inch  diameter  fastener  hole  was  typically  used 
so  that  the  same  dog-bone  specimen  design  could  be  used  for 
both  no-load  transfer  tests  as  well  as  for  20%  and  40%  load 
transfer  tests. 


3.4.4  Environments 

Specimens  were  tested  in  both  dry  air  and  3.5%  NaCl 
solution  at  room  temperature.  Several  specimens  tested  in 
Tasks  4  and  5  were  preconditioned  (pretested  and  presoaked 
in  3.5%  NaCl).  Test  chambers  used  for  obtaining  these 
environments  plus  the  preconditioning  procedure  are  dis¬ 
cussed  in  Section  IV. 


3.4.5  Type  Loading 

The  Phase  II  tests  included  three  different  types  of 
loading;  (1)  strain-controlled,  (2)  constant  amplitude  and 
(3)  spectrum.  Strain-controlled  tests  were  performed  with 
un-notched  specimens  (Fig.  1)  to  acquire  the  data  needed  to 
implement  the  strain-life  approach  for  making  time-to- 
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crack-initiation  predictions  for  loaded  and  unloaded  fas¬ 
tener  holes.  Constant  amplitude  tests  were  performed  using 
both  compact  tension  specimens  (Fig.  2)  and  dog-bone  speci¬ 
mens  (Fig.  3).  Spectrum  tests  were  also  performed  using 
dog-bone  specimens. 

3.4.6  Load  Spectra 

Corrosion  fatigue  tests  were  performed  using  three 
different  load  spectra:  (1)  F-16  400  Hour  (Hi-Lo  Blocks), 
(2)  F-18  300  Hour  (Randomized)  and  (3)  F-18  300  Hour  (Hi-Lo 
Blocks) .  Details  of  these  test  spectra  are  discussed  in 
Section  4.6. 

Dog-bone  specimens  of  7075-T7651  aluminum  alloy  were 
fatigue  tested  using  the  F-16  400  hour  block  spectrum  to 
acquire  experimental  results  for  “tuning"  corrosion  fatigue 
analysis  predictions  for  the  time-to-crack-initiation 
(TTCI)  and  time-to- failure  (TTF)  in  fastener  holes. 

Fatigue  tests  were  also  performed  under  Task  6  using 
dog-bone  specimens  and  two  variations  of  the  F-18  300  hour 
spectrum.  These  tests  provided  results  for  evaluating  the 
corrosion  fatigue  analysis  predictive  methodology  for  the 
time-to-crack-initiation  and  crack  propagation  for 
mechanically-fastened  joints. 
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3.4«7  Loading  Frequency 

Tests  were  performed  using  different  loading 
frequencies  (ref.  Tables  3-7)  so  that  the  possible  effects 
of  frequency  and  environment  exposure  time  on  the 
time-to-crack-initiation  and  crack  growth  could  be  assessed 
for  the  two  alloys  considered.  Particular  emphasis  was 
placed  on  acquiring  dog-bone  specimen  (7075-T7651)  fatigue 
test  results  for  three  different  loading  frequencies:  (1) 
Fast  =  flight  hours/2  days,  (2)  slow  =  8000  flight  hours/16 
days  and  (3)  x  slow  =  8000  flight  hours/90  days. 

3.4.8  Bolt  Load  Transfer 

Three  different  load  transfers  were  used:  (1)  0%  both 
with  and  without  a  fastener  in  hole,  (2)  20%  load  transfer, 
and  (3)  40%  load  transfer.  The  percent  bolt  load  transfer 
is  defined  as  the  percentage  of  the  total  input  load  to  the 
dog-bone  specimen  (Fig.  3)  reacted  by  the  single  bolt  in 
the  test  section.  The  test  setup  used  to  obtain  the  20% 
and  40%  load  transfers  is  described  in  Section  4.5. 


All  bolts  were  loaded  in  double  shear  to  minimize  the 
effects  of  bending  and  to  focus  attention  on  key  variables: 
environment,  load  spectra,  stress  level,  loading  frequency 
and  %  bolt  load  transfer. 
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3.4.9  Stress  Levels 

Dog-bone  specimens  were  fatigue  tested  at  four  dif¬ 
ferent  stress  levels  in  Task  4,  including  34  ksi,  32  ksi, 
30  ksi  and  28  ksi  (gross)  .  Task  4  was  mainly  concerned 
with  developing  and  evaluating  the  experimental  and  cor¬ 
rosion  fatigue  data  acquisition  methods  that  would  be  used 
to  conduct  the  fatigue  tests  under  Task  5.  Another  objec¬ 
tive  of  Task  4  was  to  determine  a  suitable  baseline  stress 
level  that  would  be  used  for  the  corrosion  fatigue  tests  of 
Tasks  5  and  6.  After  testing  several  dog-bone  specimens  at 
different  stress  levels,  we  selected  a  baseline  stress  of 
28  ksi  (gross).  We  selected  a  stress  level  that  would 
assure  fatigue  cracking  in  a  reasonable  test  and  environ¬ 
mental  exposure  time. 
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SECTION  IV 

TESTING  DETAILS  AND  DATA 
ACQUISITION  PROCEDURES 

4.1  INTRODUCTION 

The  purpose  of  this  section  is  to  describe  and  discuss 
the  essential  elements  of  the  Phase  II  test  program  (e.g., 
test  specimen  preparation  test  setups  test  spectra,  and 
testing  procedures).  Also,  the  data  acquisition  procedures 
are  discussed,  including  eddy  current  techniques,  fractogra- 
phic  analysis  methods  and  data  extrapolations.  Test  results 
are  presented  in  Appendix  A-P. 

4.2  SPECIMEN  PREPARATION  FOR  TESTING 

4.2.1  Strain  -  Controlled 

Strain-controlled  specimens  (hour-glass  type)  shown  in 
Fig.  1  were  manufactured  for  both  7075-T7651  aluminum  alloy 
and  beta-annealed  Ti-6A1-4V  alloy.  Specimens  for  the  aluminum 
alloy  and  for  the  titanium  alloy  were  machined  from  plate 
stock  0.50  inch  and  0.875  inch  thick,  respectively. 

After  machining,  all  specimens  were  mechanically  polished 
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in  the  hour-glass  area  to  obtain  a  surface  finish  of  8  -«■<-  inch 
r.m.s.  or  better.  All  polishing  was  conducted  parallel  to  the 
longitudinal  axis  of  the  specimen.  Specimens  were  polished  to 
help  minimize  the  effects  of  manufacturing  defects,  such  as 
small  surface  scratches,  on  the  test  results.  Residual 
stresses  were  produced  by  the  surface  polishing.  However, 
this  result  was  considered  more  acceptable  than  the  surface 
scratches  for  the  test  objectives  intended. 

4.2.2  Dog-Bone  Specimen 

All  dog- bone  specimens  tested  in  Phase  II  were  machined 
from  7075-T7651  aluminum  alloy,  0.50  inch  thick  plate 
material.  Specimen  details  are  shown  in  Fig.  3. 

After  machining,  a  straight-bore  center  hole  was  drilled 
using  the  modified  Winslow  spacematic  drill.  This  automatic 
drill  unit  maintains  rotation  during  retraction  to  minimize 
surface  scratches  caused  by  the  drilling  operation. 

Fastener  holes  were  drilled  per  General  Dynamics  fastener 
installation  standard  M198  [  8  ]  .  Standard  hole  diameters 
for  the  dog-bone  specimens  are  shown  in  Table  9. 

After  drilling,  the  center  hole  in  each  specimen  was 
mechanically  polished  using  a  split  mandrel  and  metallographic 
polishing  paper  to  obtain  better  than  an  8  inch  r.m.s. 
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TABLE  9  STANDARD  HOLE  DIAMETERS 


Nominal  Hole  Dia. 

Hole  Diameter 

( Inch) 

( Inch) 

Min 

Max 

1/4 

0.2500 

0.2540 

7/16 

0.4375 

0.4425 

1/2 

0.5000 

0.5050 

Ref.  General  Dynamics  Standard  M198  [  8  ] . 
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surface  finish.  The  purpose  of  the  polishing  was  to  minimize 
the  effects  of  fastener  hole  quality  on  the  fatigue  test 
results.  Also,  we  wanted  to  obtain  test  results  that  would  be 
compatible  as  close  as  possible  with  the  smooth  un-notched 
strain-controlled  data  acquired. 

After  polishing  the  center  hole  of  each  specimen,  the 
hole  diameter,  width  and  thickness  of  each  specimen  in  the 
test  section  were  measured.  Results  are  recorded  on  the 
f ractographic  data  sheets  for  each  specimen  in  Appendices  D-F. 

4,2.3  Preconditioning 

Selected  dog-bone  specimens  from  Tasks  4  and  5  were 
preconditioned  as  follows: 

1.  One  block  of  the  F-16  400  hour  block  spectrum  was 

applied  to  the  test  specimen  in  lab  air  at  a  maximum  spectrum 
stress  of  28  ksi  (i.e.,  peak  load  in  spectrum  produces  28  ksi 
stress  on  gross  section  of  test  specimen) . 

2.  The  specimen  was  then  soaked  in  a  3.5%  NaCl  solution 
at  room  temperature  for  72  hours. 

3.  Specimens  were  then  cleaned  and  dried  using  the 

procedure  described  in  AGARD  report  695  [  9  ] . 
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4.  If  the  preconditioned  specimens  were  not  fatigue 
tested  immediately,  they  were  stored  at  room  temperatue  in  a 
plastic  bag  with  desiccant  until  tested. 

Specimen  preconditioning  was  considered  to  complement  the 
AGARD  program  effort  [9]  and  to  further  evaluate  the  effects 
and  of  preconditioning  on  the  time-to-crack-initiation  and 
crack  growth  in  fastener  holes. 

4.2.4  Fastener  Type  and  Installation 

Dog-bone  specimens  were  fatigue  tested  with  or  without 
fasteners  installed  in  the  center  hole.  All  fasteners  used 
were  cad-plated  steel  with  a  protruding  head.  NAS-6207  (7/16" 
dia.)  and  NAS-6208  (1/2"  dia.)  bolts  were  used  where 
applicable.  The  standard  minimum  and  maximum  fastener 
diameter  after  cad-plating  are  0 . 4360 "/O . 4370"  and 
0.4985"/0.4995"  for  the  NAS-6207  and  NAS  6208  bolts, 
respectively. 

Some  dog-bone  specimens  were  tested  with  a  NAS  bolt  and 
mating  nut  installed  in  the  center  hole  with  no-load 
transferred  through  the  bolt  (i.e.,  0%  LT) .  In  this  case  a 
steel  washer  was  used  under  the  nut  and  the  nut  was  installed 
"f inger-tight"  . 
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4 . 3  ENVIRONMENTAL  CHAMBERS 

Two  different  environments  were  considered  in  the  Phase 
II  testing:  dry  air  and  3.5%  NaCl  solution  both  at  room 
temperature.  Three  basic  environmental  chamber  designs  were 
used  to  simulate  the  environment  for  the  strain-controlled 
tests,  for  the  no-load  transfer  dog-bone  specimen  tests  and 
for  the  load  transfer  dog-bone  tests.  The  environmental 
chamber  designs  used  and  the  environment  simulation  procedures 
for  the  Phase  II  test  program  are  described  and  discussed  in 
the  following  subsections. 

The  salt  water  solution  for  the  Phase  II  tests  was 
prepared  by  dissolving  reagent  grade  NaCl  in  triply-distilled 
water.  The  average  solution  pH  was  about  6.5  over  the 
duration  of  each  test.  All  Phase  II  salt  water  tests  were 
performed  in  a  constant  immersion  environment  with  periodic 
changing  of  the  3.5%  NaCl  solution  to  keep  the  solution  fresh. 

4.3.1  Strain-Controlled  Tests 

The  environmental  chamber  for  both  dry  air  and  3.5%  NaCl 
solution  consisted  of  tygon  tubing  with  an  inside  and  outside 
diameter  of  1/2  inch  and  3/4  inch,  respectively.  A  short 
piece  of  tubing,  less  than  2.00"  in  length,  was  first  slipped 
over  the  strain-controlled  specimen  (Fig.  1)  in  the  test 
section.  The  tubing  was  short  enough  to  prevent  any 
interference  with  the  extensometer  device.  The  tubing  was 
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sealed  at  both  ends  with  polysulfide  sealant  after  mounting. 
The  mounted  environmenal  chamber  is  shown  in  Fig.  4.  For  the 
dry  air  tests,  desiccant  was  poured  into  the  container  before 
sealing  the  top.  In  the  3.5%  tJaCJ.  solution  experiments  the 
salt  water  solution  was  added  at  an  opening  near  the  top  of 
the  chamber  after  the  container  had  been  sealed. 

4.3.2  No-Load  Transfer  Dog-Bone  Tests 

Details  of  the  environmental  chamber  used  for  the  no-load 
transfer  tests  are  shown  in  Fig.  5.  This  type  of  chamber  was 
successfully  used  in  the  Phase  I  test  program  [3]  .  A  chamber 
was  mounted  to  each  side  of  the  dog-bone  specimen  over  the 
center  hole  of  the  test  section.  The  two  chambers  were 
clamped  together  to  seal  them  against  the  specimen.  The 
environmental  chamber  system  described  above  was  used  for  both 
constant  amplitude  and  spectrum  fatigue  tests  in  Phase  II. 

The  hole  in  the  chamber  allowed  access  for  eddy  current 
detection  probes  during  testing  to  monitor  fatigue  crack 
initiation.  A  cork  was  placed  in  the  hole  when  the  chamber 
was  in  use.  Environmental  chambers  were  also  used  for  dry  air 
environemnt  tests  by  placing  desiccant  crystals  in  the 
chamber. 
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4.3.3  Load  Transfer  Dog-Bone  Tests 

The  environmental  chamber  was  an  integral  part  of  the  load¬ 
ing  bars  used  to  transmit  the  ram  loading  directly  to  the  bolt 
in  the  dog-bone  specimen.  Two  loading  bars,  with  the  test 
specimen  in  the  middle,  were  bolted  together  with  a  single  7/16" 
diameter  steel  bolt  (clad  plated)  with  a  washer  under  the  nut. 
An  environmental  chamber  was  formed  in  each  loading  bar  by  a 
counterbore  (1.50"  diameter  and  0.10"  deep)  on  the  side  facing 
the  test  specimen.  A  sealing  groove  with  a  rubber  "0"  ring 
surrounded  the  counterbore  to  seal  the  environmental  chamber. 
A  small  torque  was  applied  to  the  nut  —  just  enough  to  seal  the 
environmental  chambers  against  the  surface  of  the  test  specimen. 
The  loading  bar  assembly  and  details  of  the  chamber  are  shown 
in  Fig.  6. 

Desiccant  crystals  were  placed  in  the  chambers  to  simulate 
a  dry  air  environment.  A  3.5%  NaCl  solution  was  added  to  the 
environmental  chambers  to  simulate  a  salt  water  environment. 
Provisions  were  made  in  the  chamber  for  draining  the  solution 
and  for  adding  a  fresh  solution  without  disassembling  the  two 
loading  bars. 


4 . 4  STRAIN-CONTROLLED  TESTS 

Strain-controlled  experimental  procedures  were  developed  in 
three  stages;  (1)  calibrate  strain-controlled  specimen  and  ram 
loading,  (2)  evaluate  environmental  simulation  methods,  and 
(3)  verify  the  time-to-crack-initiation  (TTCI)  acquisition 
method.  Elements  of  the  experimental  methodology  development 
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Fig.  6  Details  of  Integral  Environmental  Chamber  Used 
In  Loading  Bar  for  Bolt  Load  Transfer  Tests 
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are  described  in  Fig.  7. 

Experimental  procedures  were  developed  and  verified  for 
acquiring  strain-controlled  fatigue  crack  initiation  data  in 
dry  air  and  in  a  3.5%  NaCl  solution.  Strain-controlled  tests 
were  conducted  on  fifty  7075-T7651  aluminum  specimens  and 
thirty  beta-annealed  Ti-6A1-4V  alloy  specimens  as  part  of 
Tasks  4  and  5  (see  Tables  1,  3  &  4).  The  experimental 

procedures  used  to  acquire  the  crack  initiation  data  are 
described  in  this  section. 

A  total  of  30  strain-controlled  experiments  were  conducted 
on  the  beta-annealed  Ti-6A1-4V  alloy.  Since  the  same 

experimental  procedures  developed  for  the  aluminum  alloy 
worked  equally  well  for  the  titanium  alloy,  only  one  titanium 
specimen  was  needed  for  Task  4  (ref.  Tables  1,  3  and  4).  This 
specimen  was  used  to  conduct  a  strain  survey.  Crack 
initiation  data  was  obtained  for  29  test  specimens. 

4.4,1  Experimental  Procedures 

Total  strain-controlled  fatigue  tests  were  performed  on  a 

closed  loop  hydraulic  MTS  machine  (MTS  Model  810.13,  22  kip 

capacity)  controlled  by  fully  reversed  (R'  =  £  t^/  -  “D 

min  max 

sinusoidal  strain  amplitude  waves.  This  system  was  used  in 
conjunction  with  a  406.11  controller,  436.11  Control  unit. 
Model  436.11  FG  functional  generator,  6  GPM  hydraulic  supply 
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Fig. 7  Elements  of  Strain-Controlled  Experimental  Methodology 
Development 
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and  a  digital  indicator  Model  430.41.  Hydraulically  operated 
grips  (Model  641.92)  were  used.  These  grips  are  self-aligning 
to  relieve  possible  bending  stresses  in  the  test  specimens. 

The  aligning  grips  assured  that  the  test  machine  axis  was 
coincident  with  the  specimen  axis.  For  test  specimens  with 
strain  gages,  alignment  was  checked  by  observing  the  strain 
gage  readings  after  the  specimen  was  installed  under  zero 
applied  load.  Only  very  small  strains  were  observed  after 
installation  in  the  test  machine. 

Normally,  diametrical  strain  measurements  are  made  on  the 
hour-glass  specimen.  However,  since  many  of  the  tests  were 
conducted  in  a  3.5%  NaCl  environment,  a  two-inch  gage  length 
extensometer  was  mounted  outside  of  the  environmental  chamber 
(Fig.  4).  Extensometer  voltage  output  (axial  deformation)  was 
measured  as  a  function  of  axial  strain  in  the  reduced  section 
of  the  specimen.  These  measurements  were  made  by  correlating 
extensometer  voltage  readings  to  strain  gage  readings  for 
strain  gages  mounted  axially  in  the  minimum  area  section  of 
the  test  coupon.  Calibration  curves  based  on  these 
measurements  are  presented  in  Appendix  A. 

Strain  surveys  and  strain-controlled  specimen  calibration 
tests  were  conducted  to  experimentally  determine  the 
relationship  between  ram  load,  axial  strain  and  axial 
deformation  (over  2.00"  gage  length).  The  test  setup  is  shown 
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in  Fig.  8.  Four  axial  strain  gages  and  an  extensometer  were 
mounted  on  the  calibration  specimen  as  shown  in  Fig.  9. 

The  instrumented  specimen  shown  in  Fig.  8  was  statically 
loaded  in  tension  and  compression  using  a  selected  range  of 
loads.  Strain  and  extensometer  measurements  were  taken  at 
selected  load  levels.  Typical  results  are  presented  in 
Appendix  A  for  the  7075-T7651  aluminum  alloy. 

Calibration  curves  for  7075-T7651  aluminum  alloy  and 
Ti-6A1-4V  alloy,  respectively,  were  used  to  select 
extensometer  voltages  to  obtain  a  specified  strain  value  in 
the  Task  5  experiments.  The  shape  of  the  calibration  curves 
were  similar  for  both  beta-annealed  Ti-6A1-4V  and  7075-T7651 
aluminum  alloys. 

The  environmental  chamber  used  and  simulation  procedures 
for  both  dry  air  and  3.5%  NaCl  solution  are  described  in 
Section  4,3.1. 

In  our  experiments,  most  specimens  were  tested  at  a 
maximum  total  strain  amplitude  greater  than  .7%  and  at  a  test 
frequency  of  .5  Hz.  This  frequency  was  low  enough  to  plot 
stress-strain  hysteresis  loops  using  the  x-y  recorder.  For 
the  long-life  fatigue  specimens,  the  frequency  was  increased 
to  2  Hz  and  5  Hz  to  allow  a  large  number  of  cycles  to  be 
accumulated  in  a  reasonable  period  of  time.  During  these 
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4 


Fig.  8  Setup  for  Strain  Surveys  Using  Strain-Controlled 
Specimen 
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tests,  test  frequencies  were  lowered  to  .5  Hz  at  fixed 
intervals  to  make  x-y  plots.  A  few  specimens  were  tested  at 
several  different  frequencies  corresponding  to  one  strain 
amplitude  value  to  investigate  the  effect  of  frequency  on 
fatigue  crack  initiation. 

During  the  constant  strain  tests,  individual 
stress-strain  hysteresis  loops  were  recorded  on  a  Moseley 
Model  7000A  x-y  recorder.  All  recordings  were  made  at 
frequencies  less  than  1  Hz.  An  example  fo  the  type  of  traces 
obtained  are  shown  in  Fig.  10.  After  recording  the  first  few 
cycles,  traces  were  obtained  at  periodic  intervals,  until 
testing  ceased. 

From  the  slopes  of  the  stress-strain  hysteresis  loops, 
the  elastic  strain  amplitude,  ,  and  plastic  strain 
amplitude ,  ,  could  be  determined.  This  technique  is  also 
illustrated  in  Fig.  10. 

The  area  enclosed  by  the  hysteresis  loops  was  measured 
using  a  polar  planimeter.  Using  this  technique,  areas  could 
be  measured  to  the  nearest  0.01  square  inch. 

Continuous  load-time  and  strain-time  records  were 
obtained  with  a  Gould  Brush  2200  two-channel  strip  chart 
recorder.  Typical  traces  are  shown  in  Fig.  11. 
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Fig.  11  Typical  Load-Time  and  Strain-Time  Traces  Obtained 
with  a  Gould  Brush  2200  Two-Channel  Strip  Chart 


NADC-83126-60-VOL.  IV 


4.4.2  NDI  Monitoring  for  Crack  Detection 

Early  monitoring  of  experimental  methodology  specimens 
was  accomplished  with  eddy  current  techniques.  These 
techniques,  used  in  fastener  hole  inspections,  are  described 
in  Volume  I  [3] .  For  surface  inspection,  an  eddy  current 
pencil  probe  (NDT  Product  Engineering,  MP-20  micro-probe)  was 
used  to  inspect  for  early  fatigue  cracks  in  the  reduced 
section  of  the  specimen.  Since  scanning  had  to  be  performed 
manually  instead  of  automatically,  there  was  some  loss  of 
sensitivity.  This  monitoring  was  compared  to  crack  detection 
as  observed  from  the  decrease  in  maximum  tensile  load  with 
cycling.  The  decrease  in  the  maximum  tensile  load,  due  to 
load  shedding,  was  found  to  be  more  sensitive  than  eddy 
current  techniques  for  determining  macroscopic  crack 
initiation.  Therefore,  the  load  shedding  technique  was  used 
to  determine  the  TTCI  for  Tests  under  Task  5  (Ref.  Table  4) 
for  both  7075-T7651  aluminum  alloy  and  beta-annealed  Ti-6A1-4V. 

In  the  7075-T7651  aluminum  alloy  material,  after  the 
first  few  cycles,  the  maximum  tensile  stress  remained 
relatively  constant  until  a  fatigue  crack  was  initiated.  A 
calibration  curve  was  established  between  the  decrease  in 
maximum  tensile  stress  and  crack  depth.  After  tensile  load 
decreases  of  different  percentages  were  observed  during  fatigue 
testing,  specimens  were  then  overloaded  in  tension  to  failure. 
Fatigue  crack  sizes  were  then  measured.  The  results • are 
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presented  in  Appendices  A  and  B.  Cycles  to  crack  initiation 
for  test  specimens  in  Task  5  were  defined  in  terms  of  cycles 
completed  before  a  2%  drop  in  maximum  tensile  stress  occurred. 

Cyclic  softening  occurred  in  the  beta-annealed  Ti-6A1-4V 
alloy  at  higher  strain  amplitudes.  Both  the  maximum  tensile 
stress  and  compressive  stress  decreased  as  a  function  of 
cycling.  The  percentage  decrease  in  maximum  compressive 
stress  was  used  to  measure  cyclic  softening  occurring  and  thus 
allowing  the  effects  of  "load  shedding"  and  cyclic  softening 
to  be  separated  in  the  measurements  of  maximum  tensile  stress. 
The  onset  of  a  0.010  inch  deep  fatigue  crack  was  defind  as  the 
number  of  cycles  when  the  maximum  tensile  stress  showed  a  2% 
greater  decrease  than  the  maximum  compressive  stress. 

4.5  DOG-BONE  SPECIMEN  TESTS 

Dog-bone  specimens  with  a  center  hole,  were  tested  in 
three  basic  configurations:  (1)  open  hole,  (2)  bolt  in  hole 

but  no  bolt  load  transfer  and  (3)  load  transferred  directly 
through  the  bolt  to  the  specimen.  All  dog-bone  specimens 
tested  in  Phase  II  had  the  same  basic  specimen  design  shown  in 
Fig.  3.  Details  of  the  dog-bone  fatigue  tests  performed, 
including  test  setup,  experimental  procedures,  etc.,  are 
described  below. 

All  spectrum  fatigue  and  constant  amplitude 
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stress-controlled  tests  were  performed  on  servo-controlled 
hydraulically-actuated  load  frames.  The  test  setup  used  for 
the  no  bolt  load  transfer  tests  is  shown  in  Fig.  12.  This 
setup  was  used  for  both  constant  amplitude  and  spectrum 
fatigue  tests.  Details  of  the  environmental  chamber  are 
described  in  Section  4.3.2. 

Specimens  for  the  spectrum  fatigue  tests  were  run 
continuously  until  failure  or  to  a  specified  time. 
Occasional  stops  were  made  for  testing  adjustments, 
measurements  or  equipment  maintenance/repair. 

The  test  setup  for  the  bolt  load  transfer  tests  is  shown 
in  Fig.  13.  A  loading  bar  with  an  integral  environmental 
chamber  was  used  to  transfer  the  ram  load  to  the  bolt  in  the 
center  hole  of  the  dog-bone  test  specimens.  Two  independent 
but  synchronized  rams  were  used  to  load  the  test  specimen. 
One  ram  applied  load  directly  through  the  lug  and  of  the 
specimen  while  the  other  ram  applied  loads  directly  to  the 
loading  bar  as  shown  in  Fig.  13.  The  environmental  chamber 
used  is  described  in  Section  4.3.3. 

The  percentage  of  load  transfer  (LT)  through  the  bolt  is 
defined  as  a  percentage,  of  the  total  applied  ram  load  to  the 
specimen  lug  end.  We  used  two  different  percentages  of  LT  for 
the  load  transfer  tests,  i.e.,  20%  LT  and  40%  LT. 
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Fig.  12  Test  Setup  for  No-Bolt  Load  Transfer 
Dog-Bone  Specimen  Tests 
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Fig.  13  Test  Setup  for  Bolt  Load  Transfer  Dog-Bone 
Specimen  Tests 
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A  special  hardware  interface  was  used  for  all  dog-bone 
tests  to  continuously  monitor  each  load  frame  and  to  assure 
proper  load  control.  This  system  provided  a  permanent  record 
of  test  events. 

Eddy  current  measurements  were  periodically  made  in  the 
center  hole  of  the  test  specimen  for  all  constant  amplitude 
tests.  Spot  check  measurements  were  also  made  during  the 
spectrum  fatigue  tests  to  determine  the  time  to  initiate  a 
crack  size  of  0.01"  in  the  fastener  hole.  The  eddy  current 
probe  was  inserted  directly  into  the  fastener  hole  without 
d isassembly ing  the  environmental  chamber.  For  the  no-load 
transfer  tests  the  cork  in  the  hole  at  the  side  of  the 


environmental 

chamber 

was 

removed 

to  permit  eddy 

current 

measurements 

to  be  made. 

In  the 

case  of  the  bolt 

load 

transfer  tests 

,  the 

bolt 

through 

the  loading 

bar 

and 

ennvironmental 

chamber 

was 

removed 

to  make  eddy 

current 

measurments . 

The  eddy  current  technique,  described  in  Volume  I  [3] 
provided  backup  information  on  the  TTCI  for  the  spectrum 
fatigue  tests.  This  technique  was  used  to  complement  the 
fractography  -  particularly  for  those  tests  when  the  3.5%  NaCl 
environment  might  affect  the  fatigue  markings  on  the  fracture 
surface . 
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4 . 6  TEST  SPECTRA 

Three  test  spectra  were  considered  in  the  Phase  II  testing 
of  7075-T7651  aluminum  alloy  dog-bone  specimens:  (1)  F-16  400 
hour  (hi-lo  block) ,  (2)  F-18  300  hour  (random)  and  (3)  F-18 

300  hour  (hi-lo  block) . 

The  F-16  400  hour  (hi-lo  block)  spectrum  used  for  the 
Phase  II  testing  is  a  wing-root  bending  spectrum.  This 
preliminary  development  spectrum  has  been  used  extensively  at 
the  General  Dynamics,  Fort  Worth  Division  for  F-16  development 
tests  and  other  structural  research  programs  [5-7].  We 
selected  this  spectrvun  for  use  in  the  Phase  II  effort  because 
this  spectrum  marks  well  fractographically  and  we  have  consider¬ 
able  experience  in  reading  the  fractographic  data.  The  F-16 
400  hour  Chi-lo  block)  spectrum  is  referred  to  herein  as 
spectrum  "A" . 

Samples  of  the  load  history  for  the  F-16  400  hour  spectrxim 
are  shown  in  Fig.  14.  A  breakdown  of  the  load  history  by  load 
points  for  the  F— 16  400  hour  and  F— 18  300  hour  test  spectra 
are  compared  in  Table  11. 

The  F-18  300  hour  spectrum,  supplied  by  the  Naval  Air 
Development  Center  (Warminster,  PA)  for  this  program,  is  a 
modified  wing  spectrum.  This  spectrum  was  modified  for  Phase  II 
testing  purposes  as  follows.  The  maximum  compressive  load  in 
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Fig.  14  Samples  of  the  Load  History  for  the  F-16  400  Hr.  Spectrum 
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Table  10  Breakdown  of  Load  Points  by  5%  Intervals  for  the 
F-16  400  Hr  Block  Spectnam 


Range  In  Percent 

mn  !  Max 

I 

Speetrua  Johns  II 

400  Hr.  F-16 

765747  LP  Total 
(8000  Fit  Rrs) 

Load  Pts.  In  Range 

-30.1  ; 

-35.0 

60 

-25.1 

-30,0 

0 

-20.1 

-25.0 

60 

-15.1 

-20.0 

80 

-10.1 

-15.0 

200 

-5.1 

-10.0 

440 

-0.1  • 
n  at 

-5.0 
zero  - 

.  3684 

0 

0 

10187 

0.1 

5.0 

2880 

5.1 

10.0 

59360 

10.1 

15.0 

312566 

15.1 

20.0 

920 

20.1 

25.0 

3780 

25.1-  ; 

30.0 

81300 

30.1 

35.0 

100222 

35.1 

40.0 

39024 

40.1 

45.0 

66050 

45.1 

50.0 

16526 

50.1 

55.0 

35585 

55.1 

60.0 

18770 

60.1 

65.0 

1700 

65.1 

70.0 

8980 

70.1 

75.0 

1950 

75.1 

80.0 

551 

80.1 

85.0 

640 

85.1 

90.0 

0 

90.1 

95.0 

208 

95.1  ^ 

—  t 

loo.o 

24 
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TABLE  11  COMPARISONS  OF  F-16  400  HOUR  AND 
F-18  300  HOUR  TEST  SPECTRA 


Spectrum 

No.  Fit. 

Service 

No 

.  Load  Points  for 

I.D. 

Hrs.  Per 

Life 

Block 

Fit  Hrs 

Service  Life 

Block 

(Fit  Hrs) 

F-16  400  Hr 

400 

8000 

38287 

95.718 

765747 

F-18  300  Hr 

300 

6000 

3137 

10.457 

62740 

Note:  The  maximum  gross  stress  on  test  specimen  cross 

section  scaled  to  maximum  load  in  each  spectra. 
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the  spectrum  was  limited  to  the  same  percentage  of  the  maximum 
tension  load  as  that  for  the  F-16  400  hour  spectrum  (i.e., 
35%  of  maximum  tension  load).  This  modification  of  the  F-18 
300  hour  spectrum  was  made  so  that  the  dog-bone  specimens 
could  be  fatigue  tested  in  load  frames  without  special  lateral 
support  requ i red . 

Two  variations  of  the  F-18  300  hour  spectrum  were 
considered:  (1)  loads  randomized  for  each  300  hour  block  and 
(2)  loads  ordered  in  the  same  sequence  for  each  300  hour  block 
(hi-lo).  The  first  spectrum  variation  is  referred  to  herein 
as  the  "F-18  300  hour  (randomized)"  spectrum  or  spectrum  "B" 
and  the  second  variation  is  referred  to  as  the  "F-18  300  hour 
(Hi-lo  block)"  spectrum  or  spectrum  "C".  The  hi-lo  block 
version  of  the  F-18  300  hour  spectrum  was  formatted  the  same 
way  as  the  F-16  400  hour  (hi-lo  block)  spectrum. 

Strip  chart  printouts  of  the  load  history  for  spectrum  B 
and  C  are  shown  in  Fig.  15  and  16,  respectively. 

4.7  FRACTOGRAPHIC  ANALYSIS 

4.7.1  General  Procedure 

Dog-bone  fatigue  specimens  were  prepared  for 
f ractographic  evaluation  as  follows.  Unbroken  specimens  were 
first  broken  open  to  display  the  fracture  surface.  All 
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fracture  surfaces  were  then  cleaned  to  prepare  the 

specimens  for  f ractographic  analysis.  All  shear  lips  were 

ground  off  without  damaging  the  fracture  surface.  Specimens 
were  then  cleaned  ultrasonically  in  acetone.  A 

cellulose-acetate  tape  was  softened  using  acetone  and  then 
pressed  firmly  against  the  fracture  surface  to  remove  sur¬ 
face  dirt  or  residue.  This  cleaning  process  was  repeated 
several  times  for  best  results. 

After  thoroughly  cleaning  the  fracture  surface,  the 
fracture  specimen  was  then  mounted  onto  the  microscope  stage 
using  a  piece  of  clay  to  hold  it  in  place.  A  f ractographic 
evaluation  was  performed  then  for  the  largest  fatigue  crack  in 
each  fastener  hole.  The  final  size  of  the  fatigue  crack  on 
each  size  of  the  fastener  hole  was  measured  and  results  were 
recorded  on  the  fratographic  data  sheets  (e.g.,  ref. 
Appendices  D-F) . 

Fractographic  evaluation  were  made  using  an  X,  Y 
micrometer  stage  with  a  bench  stereo  microscope  at 
magnifications  of  15X  to  120X.  The  number  of  load  points  at 
specimen  failure  were  translated  into  the  bench  marks  at 
failure  using  the  applicable  load  spectra.  Fractographic 
measurements  were  then  taken  at  the  end  of  each  block  back  to 
a  minimum  crack  size  of  0.010",  where  possible.  In  some 
cases,  fractographic  measurements  could  not  be  traced  to  the 
desired  minimum  crack  size  due  to  poor  surface  markings  for 
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the  smaller  crack  sizes.  The  fractography  provided  the  means 
for  defining  the  time-to-crack-initiation  (TTCF)  for  a^  = 
0.01"  in  the  fastener  holes. 

Crack  size  versus  time  measurements  and  other  pertinent 
details  were  recorded  on  the  f ractographic  data  sheets.  This 
includes,  in  most  cases,  a  photograph  of  the  fracture  surface, 
specimen  dimensions,  crack  origins,  peculiarities,  number  of 
load  points  at  failure,  etc. 

Sample  f ractographic  surfaces  are  shown  in  Fig.  17  with 
crack  growth  markers  corresponding  to  loads  ^  80%  of  the 
maximum  load  in  the  P-16  400  hour  spectrum  ("A") .  Similarly, 
sample  fractographic  surfaces  with  crack  growth  markers 
corresponding  to  loads  ^90%  of  the  maximum  spectrum  load 
are  shown  in  Figs.  18(a)  and  18(b)  for  the  F-18  300  hour 
(random)  spectrum  ("B")  and  the  F-18  300  hour  (block)  spectrum 
("C"),  respectively. 


4.7.2  Crack  Initiation  Origins 

Following  fatigue  testing,  each  failed  specimen  was 
carefully  examined  to  determine,  if  possible,  the  primary 
origin  of  failure.  Many  specimens  had  multiple  crack  origins 
making  failure  analysis  difficult. 
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Fatigue  crack  origins  were  cataloged  as  follows:  B  bori 
of  hole,  C  =  corner  of  hole,  S=  surface  away  from  hole  and  I  = 
internal  flaw.  Results  are  presented  in  Appendices  D-F. 

4.8  EXTRAPOLATION  OF  FRACTOGRAPHIC  RESULTS 

In  some  cases,  the  fractography  could  not  be  reliably 
read  down  to  the  selected  reference  crack  size  for 
t ime-to-crack-initiation  (i.e,  a^  =  0.010")  for  the  dog-bone 
specimens.  In  such  cases,  the  f ractographic  results  were 

extrapolated  to  estimate  the  time-to-crack  initiation  (TTCI). 

Three  different  extrapolation  methods  were  considered  to 
estimate  the  TTCI  for  a^  =  0.01":  (1)  linear  extrapolation, 
(2)  least  squares  fit  of  power  law  and  (3)  least  squares  fit 
of  exponential  function.  Extrapolations  were  estimated  for 
each  of  the  three  methods  and  the  results  were  compared  for 
consistency. 

Linear  extrapolations  were  based  on  the  two  smallest 
consecutive  crack  sizes  that  could  be  f ractographically  read. 
Extrapolations  based  on  the  assumed  power  law  and  exponential 
functions  were  determined  using  a  least  squares  fit  form  of 
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Eqs.  1  and  2  to  the  three  smallest  consecutive  crack  sizes 
shown  on  the  f ractographic  data  sheet,  respectively. 


a(t)  =  At® 


(1) 


a(t)  =  a(0)  exp  (Qt) 


(2) 


In  Eqs.  1  and  2,  a(t)  is  the  crack  size  at  any  time  t;  A,  B, 
a(0)  and  Q  are  empirical  constants.  The  applicable  constants 
were  determined  using  the  least  square  fit  form  of  Eqs.  1  and 
2  given  by  Eqs.  3  and  4,  respectively. 


Jin  a  +  B  iln  t 


(3) 


Jin  a(t) 


Y 


Jln  a(0)  +  Qt 

— ^ 

b '  mX 


(4) 
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APPENDIX  A 
STRAIN-CONTROLLED  TEST  RESULTS  FOR 
7075-T765  1  ALUMINUM  ALLOY 

A.l  INTRODUCTION 


Raw  test  results  for  Tasks  4  and  5  are  presented  in  this 
Appendix.  These  results  are  evaluated  and  discussed  in  Volume 
III  [1]. 


A. 2  TASK  4  TEST  RESULTS 

Task  4  was  concerned  with  the  development  of  experimental 
methodology  for  requiring  strain-controlled  data  for  dry  air  and 
3.5%  Nad  environments.  The  strain-controlled  data  is  needed  to 
implement  the  strain  life  approach  for  making  t ime-to-crack- 
initiation  (TTCI)  predictions  for  mechanically-fastened  joints. 
Details  of  the  strain  life  approach  are  discussed  in  Volumes  I  [3] 
and  III  [1].  Results  from  the  Task  4  effort  are  presented  herein. 

A. 2.1  Stress  Strain  Hysteresis 


Typical  behavior  of  the  stress-stain  hysteresis  plots  are 
shown  in  Fig.  Al.  A  slight  drop  in  the  maximum  tensile  and 
compressive  stresses  occurred  during  the  first  few  cycles  followed 
by  stable  behavior  after  approximately  25  cycles. 
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A. 2.2  Strain  Survey 


Strain  surveys  were  performed  to  experimentally  quantify  the 
relationship  between  ram  load,  axial  strain  and  axial  deformation 
(over  2.00"  gage  length).  Four  axial  strain  gages  and  an 
extensometer  were  mounted  on  the  calibration  specimen  as  shown  in 
Figs.  9  and  10. 

Strain  survey  results  are  presented  in  Table  Al.  Axial  load 
versus  axial  strain  results  are  plotted  in  Fig.  A2.  In  Fig.  A3 
the  axial  load  versus  axial  deformation  is  plotted.  The 
relationship  between  strain  at  the  neck-down  area  and  the  constant 
diameter  area  is  shown  in  Fig.  A4.  The  axial  load  versus  axial 
strain  relationship  obtained  is  plotted  in  Fig.  A5. 

A. 2. 3  Specimen  Calibration  and  Load  Shedding  Results 


Plots  for  the  maximum  tensile  load  versus  number  of  cycles 
and  the  maximum  tensile  stress  versus  number  of  cycles  are  shown 
in  Figs.  A6  and  A7 ,  respectively.  Results  are  shown  in  Fig.  A6 
for  three  specimens  immersed  in  3.5%  NaCl  solution.  In  Fig.  A7, 
results  are  plotted  for  specimens  have  total  strain  amplitudes 
ranging  from  ^^T/2  =  0.65%  to  ^^T/2  =  1.70%.  In  general,  very 
little  change  in  compressive  or  tensile  loads  was  observed  until  a 
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Table  Al  Strain  Survey  Results  for  Strain-Controlled  Specimen 


Load 

P/Ai 

Ex tense 
Volts*’' 

meter 

In 

ei 

£2 

£3 

wmmm 

I3B9 

£4 

Ave. 

£l-3/e4 

SSfSI 

IFfflTWB 

[■■■■■ 

iwmmammmm 

0 

0 

0  1 

1 _ Q _ 

0 

0 

0 

0 

80 

msm 

•• 

■SR 

.146 

.149 

.  .044 

3.386 

120 _ 

1  2351 

.06 

.0003 

.228 

■RmI 

■Rl 

.065 

3.385 

HESH 

.0005 

.389 

mam 

RRI 

IRIfil 

3.418 

mm 

mm 

'mm 

.582 

■||9 

wmm 

RR 

3.433 

KB3 

.23 

RiMUV 

■Rl 

.966 

■^Rj 

1  .935 

■^R 

3.425 

icnni 

.32 

mmm 

1.364 

Rm 

warn 

3.402 

BRSiSfli 

19591 

.45 

1.942 

wmm 

R^l 

■tBii»iji 

im 

23509 

.54 

^0027 

2.338 

wmsm 

wwam 

■R9 

BBII 

If 

27427 

.63 

RS9 

KR9 

2.726 

warn 

2.639 

3.414 

.72 

REE91I 

mm 

3.129 

mam 

R^9 

wmm 

mm 

35263 

.82 

REEBH 

wmm 

3.527 

mmm 

RER 

RRI 

3.429 

.91 

mmM 

3.931 

RRI 

RBI 

«• 

0 

■■i 

M, 

«> 

RBBI 

HHI 

I^Hii 

.46 

1.995 

RSR 

wmm 

.92 

IRISRSi 

wamm 

3.821 

H|nR 

mm 

4.386 

4.200 

R99 

n|H| 

4.598 

wamw 

Snq3fi 

ncnH 

m  A  1 

5.056 

RR 

wmm 

S48S4 

f 

wmM 

5.608 

warn 

RR 

wawm 

HRIRH 

KmEW 

6.194*1 

6.330’* 

6.213 

1.694 

1.46 

mmmm^ 

BHMnagl 

6.661 

1.745 

1 .80 

RSR 

1.819 

.?R 

WKBm 

RRI 

RB33i 

RsR 

|||R|flH|| 

1 

1 

' 

' 

■RR 

Notes;  *  Creep  Observed 

Extensometer  Readings;  20  Volts  *=  0,10" 
**  ±  0,02  Volts 

-  0.785(0.255)^  “  0,05104  in.^ 


2.0"  Gage  Length 
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Fig.  A2  Axial  Strain  Versus  Axial  Load  For  Strain-Controlled 
Specimen  (7075-T7651) 
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Fig.  A3 
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Axial  Deformation  Versus  Axial  Load  For  Strain-Controlled 
Specimen  (7075-T7651) 


Average  Axial  Strain,  (in. /in.) 


Fig.  A4  Axial  Strain  Relationships  For  Strain-Controlled  Specimen 
(7075-T7651) 
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Fig.  A6  Maximum  Tensile  Load  as  a  Function  of  Fatigue  Cycling 
(Specimens  47CS,  42CS,  and  48CS;  7075-T7651  Aluminum) 
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fatigue  crack  had  initiated.  Compressive  and  tensile  loads  were 
relatively  stable  for  both  low  and  high  strain  amplitude  specimens 
until  crack  initiation  occurred  (Fig.  A7).  Once  a  fatigue  crack 
had  formed,  the  tensile  load  dropped  rapidly  while  the  compressive 
load  stayed  relatively  constant.  The  fatigue  crack  allows  a  crack 
opening  displacement  to  meet  the  required  strain  limit  with  a 
smaller  tensile  load.  In  compression,  larger  loads  were  required 
to  strain  the  material  to  the  required  value.  Little  difference 
was  observed  in  the  behavior  of  specimens  tested  at  different 
total  strain  levels. 

A  calibration  curve  was  established  between  the  decrease  in 
maximum  tensile  stress  and  crack  depth.  After  tensile  stress 
decreases  of  different  percentages  were  observed,  specimens  were 
loaded  to  failure.  Fatigue  crack  sizes  were  then  measured.  The 
results  of  these  tests  are  shown  in  Fig.  A8 .  Cycles  to  crack 
initiation  for  test  coupons  in  Task  5  were  defined  in  terms  of 
cycles  completed  before  a  2%  drop  in  maximum  tensile  stress 
occurred.  From  Fig.  A8,  a  2%  decrease  corresponds  to  a  0.010  inch 
fatigue  crack.  This  is  the  same  crack  size  used  to  define  the 
number  of  cycles  to  initiate  a  crack  depth  of  0.010”,  Ni,  for  the 
stress-controlled  tests  of  Phase  I  [3]. 

A. 3  TASK  5  TEST  RESULTS 

Using  the  experimental  procedures  developed  and  evaluated 
under  Task  4,  the  required  strain-controlled  data  for  Task  5  was 
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Fig.  A8  Decrease  in  Maximum  Tensile  Stress  as  a  Function 
of  Crack  Size  in  Strain-Controlled  Specimens 
(7075-T7651  Aluminum) 
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obtained.  The  experimental  data  acquired  under  Task  5  provided 
the  information  needed  to  make  time-to-crack-initiation 
predictions  for  mechanically-fastened  joints  under  Task  6, 
Results  presented  herein  are  evaluated  in  Volume  III  [1], 

Strain-controlled  results  for  Task  5  are  shown  in  Tables  A2 
and  A3  for  dry  air/lab  air  and  for  3.5%  NaCl  environments, 
respectively.  Results  are  presented  for:  strain  amplitude 

(total,  elastic  and  plastic),  area  under  the  hysteresis  loop,  load 
frequency,  and  2Ni  cycles  to  initiate  a  crack  depth  of  0.010 
inch . 


A  plot  of  cyclic  strain  versus  initiation  life  in  7075-T7651 
aluminum  is  shown  in  Fig.  A9  for  dry  air  and  a  3.5%  NaCl 
environment . 

The  possible  effect  of  test  frequency  on  crack  initation  in  a 
3.5%  NaCl  environment  was  examined.  Most  of  these  studies  were 
conducted  at  lower  strain  amplitudes  where  the  test  coupons  were 
exposed  to  a  salt  water  environment  longer.  Four  frequencies  were 
used:  .1  Hz,  .5  Hz,  2.0  Hz,  and  5.0  Hz.  Test  results  are  shown  in 
Fig.  AlO  and  results  are  evaluated  in  Volume  III  [1], 


Table  A2  Strain-Controlled  Test  Results  for  7075-T7651 
Aluminum  in  Dry  Air  and  Lab  Air  Environments 
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Fig,  A9  Total  Strain  Amplitude  Versus  Reversals 

to  Crack  Initiation  for  7075-T7651  Aluminum 
in  Both  Dry  Air  and  3.5%  NaCl  Environments 
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Fig.  AlO  Total  Strain  Amplitude  Versus  Reversals 

to  Crack  Initiation  for  7075-T7651  Aluminum 
in  a  3.5%  NaCl  Environment  for  Different 
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APPENDIX  B 
STRAIN-CONTROLLED  TEST  RESULTS  FOR 
BETA-ANNEALED  TI-6AL-4V  ALLOY 

B.l  INTRODUCTION 


Raw  test  results  for  Tasks  4  and  5  are  presented  in  this 
Appendix.  These  results  are  evaluated  and  discussed  in  Volume  III 
tl]. 


B.2  TASK  4  TEST  RESULTS 

Typical  stress-strain  hysteresis  plots  are  shown  in  Figure 
Bl.  Monotonic  and  cyclic  stress-strain  properties  for  this 
material  and  basic  material  properties  are  given  in  Volume  I  [3] . 

Both  the  maximum  tensile  and  compressive  stresses  decreased 
with  cycling  with  the  largest  decrease  during  the  first  few  cycles 
(Fig.  Bl).  The  decrease  in  the  maximum  tensile  and  compressive 
stresses  with  cycling  was  accompanied  by  an  increase  in  the  width 
of  the  hysteresis  stress-strain  plots  (increase  in  plastic  strain 
increment)  and  also  the  area  enclosed  by  the  hystersis  loop 
( increase  in  plastic  work) . 

The  strain-controlled  specimens  (Fig.  1)  for  this  material 
were  calibrated  using  the  same  procedure  developed  for  the 
7075-T7651  aluminum  alloy.  Extensometer  voltage  output  (axial 
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deformation)  was  measured  as  a  function  of  axial  strain  in  the 
reduced  section  of  the  specimen.  These  measurements  were  made  by 
correlating  extensometer  voltage  readings  to  strain  gage  readings 
for  strain  gages  mounted  axially  in  the  minimum  area  sectin  of  the 
test  specimen.  A  calibration  curve  based  on  these  measurements  is 
shown  in  Figure  B2.  This  calibration  curve  was  used  to  select 
extensometer  voltages  to  obtain  a  specified  strain  value  for  the 
Task  5  experiments. 


B.3  TASK  5  TEST  RESULTS 


Strain-controlled  results  for  Task  5  are  presented  in  Table 
Bl  for  lab  air,  dry  ait  and  3.5%  NaCl  solution  environments.  The 
2N^  reversals  are  for  a  crack  depth  of  0.010  inch.  was  defined 
as  the  number  of  cycles  in  which  a  2%  decrease  was  observed  in  the 
maximum  tensile  stress  compared  to  the  maximum  compressive  stress. 

The  total  strain  amplitude  versus  2Nj^  reversals  to  crack 
initiation  (ag  =  0.010  inch)  is  plotted  in  Figure  B3  for  lab  air, 
dry  air  and  3.5%  NaCl  environments. 

The  effect  of  test  frequency  on  crack  initiation  in  both  dry 
air  and  3.5%  NaCl  environment  were  examined.  Results  are  plotted 
in  Fig.  B4. 

The  change  in  the  plastic  strain  amplitude  versus  2N^ 
reversals  to  initiate  a  crack  depth  of  0.010  inch  was 
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Table  Bl  Strain-Controlled  Test  Results  for 

Beta-Annealed  Ti-6A1-4V  Alloy  in  Both 

Dry  Air  and  in  3.5%  NaCl  Solution  Environments 


Specimen 

No. 

Total  Strain 
Amp .  ( %  ) 

Bii 

2N.  * 

( Reversals) 

Environmental 
Cond  it  ion 

76CS 

.44 

5 

197,400 

Dry  Air 

77CS 

.47 

5 

>500,000 

3.5%  NaCl 

73CS 

.52 

2 

31,840 

3.5%  NaCl 

78CS 

.52 

5 

>200,000 

3.5%  NaCl 

79CS 

.52 

5 

58,000 

Dry  Air 

66CS 

.52 

2 

32,440 

Dry  Air 

82CS 

.62 

.5 

14,000 

Dry  Air 

8  5CS 

.62 

2 

16,320 

Dry  Air 

83CS 

.62 

.5 

11,530 

3.5%  NaCl 

8  4CS 

.62 

2 

13,460 

3.5%  NaCl 

70CS 

.71 

.5 

3,800 

Dry  Air 

68CS 

.71 

2 

5,520 

Dry  Air 

69CS 

.71 

.5 

2,500 

3.5%  NaCl 

67CS 

.71 

2 

4,040 

3.5%  NaCl 

72CS 

.87 

.5 

1,100 

Dry  Air 

7  ICS 

.87 

.5 

800 

3.5%  NaCl 

62CS 

1.06 

.5 

340 

Lab  Air 

75CS 

1.06 

.5 

460 

Dry  Air 

74CS 

1.06 

.5 

430 

3.5%  NaCl 

63CS 

1.36 

.1 

210 

Lab  Air 

81CS 

1.36 

.1 

210 

3.5%  NaCl 

64CS 

1.50 

.05 

140 

Dry  Air 

80CS 

1.50 

.05 

110 

3.5%  NaCl 

65CS 

1.74 

.1 

96 

Dry  Air 

89CS 

.62 

.3 

13,140 

Dry  Air 

86CS 

.62 

.5 

10,840 

Dry  Air 

87CS 

.62 

.5 

7,800 

Dry  Air 

88CS 

.62 

2.0 

13,000 

Dry  Air 

90CS 

.62 

5.0 

19,480 

Dry  Air 

*  For  crack  depth  =  0.010" 
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Fig.  B3  Total  Strain  Amplitude  Versus  2Ni  Reversals  to 
Initiation  for  Beta-Annealed  .Ti-6A1-4V  in  Both 
Dry  Air  and  3.5%  NaCl  Environments 
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Fig.  B4  Total  Strain  Amplitude  Versus  2Ni  Reversals  to 

Crack  Initiation  for  Different  Loading  Frequencies 
for  Beta-Annealed  Ti-6A1-4V  in  Both  Dry  Air  and 
3.5%  NaCl  Environments 
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investigated.  Results  are  plotted  in  Figs.  B5  and  B6. 

A  plot  of  the  plastic  work  per  unit  cycle  versus 
reversals  to  initiation  =  0.010  inch)  for  this  alloy  is  shown 

in  Figure  B7.  The  area  of  the  hysteresis  stress-strain  curve  was 
measured  from  the  loop  in  which  the  plastic  strain  amplitude  was 
maximum. 


ITUDE,d^^  (%) 
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2NjL  (REVERSALS) 

Fig.  B6  Plastic  Strain  Amplitude  Versus  2Ni 
Reversals  to  Crack  Initiation  for 
Beta- Annealed  Ti-6A1“4V  in  Both  Dry 
Air  and  3.5%  NaCl  Environment 
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APPENDIX  C 

CONSTANT  AMPLITUDE  TEST  RESULTS  FOR 
DOG-BONE  SPECIMENS  (7075-T7651  ALUMINUM  ALLOY 

C.l  TASK  5  TEST  RESULTS 

Constant  amplitude  test  results  for  preconditioned 
dog-bone  specimens  (open  hole;  Fig.  3)  are  presented  in  Table 
Cl  for  both  dry  air  and  3.5%  NaCl  environments.  These 
stress-controlled  tests  were  conducted  under  Task  5  (Ref. 
Table  6)  for  selected  stress  ranges  (^<r).  The  number  of 
cycles  to  initiate  a  crack  size  of  0.010  inch  ,  N.,  and  the 
number  of  cycles  to  failure,  N^,  are  shown  in  Table^Cl. 

C.2  TASK  6  TEST  RESULTS 

Twelve  stress  -  controlled  tests  were  performed  under 
Task  6  (Ref.  Table  6)  for  two  different  percentages  of  bolt 
load  transfer  (i.e.,  20%  and  40%).  Tests  were  performed  in 
dry  air  and  in  a  3.5%  NaCl  solution  environment.  Results  are 
presented  in  Table  C2. 
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Table  Cl  Constant  Amplitude  Stress-Controlled  Test  Results 
for  Preconditioned  Dog-Bone  Specimens  in  Both  Dry 
Air  and  3.5%  NaCl  Environments  (7075-T7651  Aluminum; 
R=0.05;  Freq.  -  6HZ;  Open  Hole) 


SPECIMEN 

NO. 

AO* 

(ksi) 

(cycles) 

N. 

(cycles) 

ENVIRONMENT 

200 

16.5 

92.827 

70,000 

Dry  Air 

204 

15.0 

85,720 

52,000 

Dry  Air 

202 

14.0 

99,389 

70,000 

Dry  Air 

199 

14.0 

MH 

25,000 

3.57,  NaCl 

I 

203 

13.0 

44,409 

26,000 

3.57,  NaCl 

205 

12.0 

167,539 

95,000 

3.57,  NaCl 

206 

12.0 

80,887 

40,000 

3.57,  NaCl 
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Table  C2  Constant  Amplitude  Stress-Controlled  fpest  Results  for  Dog-Bone 
Specimens  Tested  for  20%  LT  and  40%  lIt  in  Both  Dry  Air  and  3.5 
NaCl  Environments  (7075-T7651  Aluminum) 
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APPENDIX  D 

SPECTRUM  FATIGUE  TEST  RESULTS  AND  FRACTOGRAPHIC  DATA 
FOR  TASK  4  (7075-T7651  ALUMINUM  ALLOY) 


Spectrum  fatigue  test  results  for  the  dog-bone  specimens 
(Fig.  3)  tested  under  Task  4  are  summarized  in  Table  D1 . 
Fractographic  data  sheets  are  also  presented  in  this 
appendix. 


The  maximum  positve  load  in  spectrum  "A"  (F-16  400  hour 
block  spectrum),  100%  load  level,  was  scaled  to  a  test  load 
that  would  produce  the  desired  gross  stress  on  the  specimen 
cross  section.  All  other  loads,  positive  and  negative,  were 
"scaled"  to  the  100%  load  level. 

Fatigue  loading  frequencies  for  spectrum  "A"  were 
selected  such  that  the  spectrum  loads  corresponding  to  8000 
equivalent  flight  hours  could  be  applied  to  the  respective 
test  specimen  in  a  selected  number  of  days  (24  hours  a  day 
continuous  testing) .  Three  loading  frequencies  were  con¬ 
sidered  in  task  4;  (1)  F  =  fast  C8000  flight  hours/2  days), 
(2)  S  =  slow  (8000  flight  hours/16  days)  and  (3)  M  =  medium 
(8000  flight  hours/8  days) . 
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Table  DX  Suounary  of  Bog-Bone  Specimen  Spectrum 

Fatigue  Test  Results  for  Task  4  (7075-T7651 
Aluminums  F-16  400  Hour  Spectrum) 
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Notes  for  Table  Dl 


(a)  Testing  anomaly 

(b)  Ref.  Table  8  for  description  code 

(c)  Linear  extrapolation  from  two  smallest  consecutive 
crack  sizes  from  fractographic  data  sheet 

(d)  Extrapolation  based  on  power  law  (Eqs.  1  and  3) 

(e)  Fractography  not  read  for  this  specimen  for  various 
reasons  (e.g.,  testing  anomaly,  not  28  ksi  baseline 
stress  surface  crack  away  from  hole) . 

(f)  Fatigue  crack  origins;  B  =  bore  of  hole,  G  =  corner  of 
hole  and  S  =  surface  crack  away  from  hole. 

(g)  Time  to  initiate  crack  depth  of  0.010"  in  fastener 
hole  (determined  from  fractographic  results). 

(h)  Time-to-failure 

(i)  Time  spent  in  crack  growth 
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FATIGUE  TEST  DATA 

FRACTOGRAPHTC  DATA 
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FATIGUE  TEST  DATA 

- -  FRACTOGRAPHtC  DATA 

PECIMEN  NUMBER:  _  4-T  f  |bLK  #|  FLIGHT  HRS,  I  CRACK  LENGTH  IN 
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APPENDIX  E 

SPECTRUM  FATIGUE  TEST  RESULTS  AND  FRACTOGRAPHIC  DATA 
FOR  TASK  5  (7075-T7651  ALUMINUM  ALLOY) 


Spectrvim  fatigue  test  results  for  the  dog-bone  specimens 
(Fig.  3)  tested  under  Task  5  are  summarized  in  Table  El. 
Fractographic  data  sheets  are  also  presented  in  this 
appendix. 

The  maximum  positive  load  in  each  load  spectra,  including 
overloads,  was  considered  to  be  the  100%  load  level.  The 
maximum  positive  test  load  for  each  spectra  was  selected  to 
produce  the  desired  gross  stress  on  the  specimen  cross  sec¬ 
tion.  All  other  loads  positive  and  negative  in  each  respective 
test  spectra  were  "scaled"  to  the  100%  load  level.  As  a  result, 
"overloads"  in  the  F-18  300  hour  spectrum  were  treated  as 
100%  load  levels  rather  than  a  percentage  greater  than  the 
100%  load  level. 

Fatigue  loading  frequencies  for  all  spectr\am  tests, 
including  the  P-18  300  hour  spectrxjm,  were  based  on  the  test 
rates  set  for  the  F-16  400  hour  spectrum  tests.  Loading  rates 
were  selected  to  complete  8000  equivalent  flight  hours  of  the 
F-16  400  hour  spectr\am  in  a  selected  number  of  days  (24  hours 
a  day  continuous  testing) .  Three  basic  loading  frequencies 
were  considered:  (1)  F  =  fast  (8000  flight  hours/2  days) , 

(2)  S  =  slow  (8000  flight  hours/16  days)  and  (3)yA'  *  extra 
slow  (8000  flight  hours/90  days) .  Accordingly,  test 
machine  frequency  multipliers  (FM)  were  set  for  the  three 
basic  frequencies:  Fast  (FM  =  250) ,  slow  (FM  =  40)  and  extra 
slow  (FM  =  1) .  The  frequency  multipliers  can  only  be  trans¬ 
lated  into  actual  frequency  measurements  for  constant  ampli¬ 
tude  loading. 
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APPENDIX  F 

SPECTRUM  FATIGUE  TEST  RESULTS  AND  FRACTOGRAPHIC  DATA 
FOR  TASK  6  (7075-T765i  ALUMINUM  ALLOY 


Spectrum  fatigue  test  results  for  the  dog-bone  specimens 
(Fig.  3)  tested  under  Task  6  are  summarized  in  Table  FI. 
Fractographic  data  sheets  are  also  presented  in  this 
appendix. 


The  maximum  positive  load  in  each  load  spectra,  including 
overloads,  was  considered  to  be  the  100%  load  level.  The 
maximum  positive  test  load  for  each  spectra  was  selected  to 
produce  the  desired  gross  stress  on  the  specimen  cross  sec¬ 
tion.  All  other  loads  positive  and  negative  in  each  respective 
test  spectra  were  "scaled"  to  the  100%  load  level.  As  a  result, 
"overloads"  in  the  F-18  300  hour  spectrxam  were  treated  as 
100%  load  levels  rather  than  a  percentage  greater  than  the 
100%  load  level. 

Fatigue  loading  frequencies  for  all  spectrum  tests, 
including  the  F-18  300  hour  spectrum,  were  based  on  the  test 
rates  set  for  the  F-16  400  hour  spectrxim  tests.  Loading  rates 
were  selected  to  complete  8000  equivalent  flight  hours  of  the 
F-16  400  hour  spectrum  in  a  selected  ninnber  of  days  (24  hours 
a  day  continuous  testing) .  Three  basic  loading  frequencies 
were  considered;  (1)  F  =  fast  (8000  flight  hours/2  days) , 

(2)  S  =  slow  (8000  flight  hours/16  days)  and  {2)A'  *  extra 
slow  (8000  flight  hours/90  days) .  Accordingly,  test 
machine  frequency  multipliers  (FM)  were  set  for  the  three 
basic  frequencies:  Fast  (FM  =  250) ,  slow  (FM  =  40)  and  extra 
slow  (FM  =  1) .  The  frequency  multipliers  can  only  be  trans¬ 
lated  into  actual  frequency  measurements  for  constant  ampli¬ 
tude  loading. 
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Table  FI  Summary  of  nog-Bone  Specimen  Fatigue  Teat 
Results  for  Task  6  (7075-T7651  Aluminum) 
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Notes  For  Table  FI 


(a)  Ref.  Table  8  for  description  code 

(b)  Fatigue  .Crack  Origins:  B  =  bore  of  hole,  C  =  Corner 
of  hole  and  S  =  surface  crack  away  from  hole 

(c)  Time  to  initiate  crack  depth  of  0.010"  in  fastener 
hole  (determined  from  fractographic  results) 

(d)  Time-to-failure 

(e)  Time  spent  in  crack  growth 

(f)  Extrapolation  based  on  power  law  (Eqs.  1  and  3) 

(g)  Linear  extrapolation  from  two  smallest  consecutive 
crack  sizes  from  fractographic  data  sheet 

(h)  Diameter  measurement  not  recorded 
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FATLQyE , TEST  PATA  fractographic  data 

SPECIMEN  NUMBER:  _ 3  IQ  ^<0%  /  ^  ^[FLIGHT  HRS.  [CRACK  L^GTH_IN 
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FATIGUE  TEST  DATA 

FRACTOGRAPHIC  DATA 

SPECIMEN  NUMBER:  3//  JLT"  |bLK  #|fLIGHT  HRS.  ICRACK  LENGTH  IN 
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FATIGUE  TEST 

FRACTOGRAPHIC  DATA 

PECIMEN  NUMBER:  SOn _ ^^0%  /  7^  |bLK  ^[FLIGHT  HRS.  ICRACK  LENGTH  IN 

PECTROMs  r/3)  -  9-  ~  - - - 


FAT1GUE_TEST.  DATA  FRACTOGRAPHTC  DATA 

SPECIMEN  NUMBER:  _ SO  %  Z  7~~  1^^}^  |CRACK  LENGTH_.IN 
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